The magnetic properties of p-type Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 0, 1, 2, 4 and 6) icosahedral quasicrystals have been investigated. The magnetic susceptibility of these samples obeys Curie-Weiss paramagnetism in 72-300 K. The estimated Curie constants indicated that 3d Fe magnetic moments also exist besides 4f Tm in these quasicrystals. In the lower temperature region, spin glass-like behavior was observed for all samples with freezing temperature 7.0-9.5 K. For samples with higher concentration of Tm, namely x ¼ 2, 4 and 6, the magnetic susceptibility increase as temperature decrease below the freezing temperature. This behavior indicates weak antiferromagnetic interaction between 4f Tm magnetic moments.
Introduction
Since the first report of icosahedral quasicrystals (i-QCs) by Shechtman et al. [1] , behavior of magnetic moments in i-QCs has been a question of absorbing interest. Magnetic ordering intrinsic to i-QCs has been expected, which may reflect quasiperiodic nature incompatible with the periodic translational symmetry. Many experimental studies have been attempted to confirm magnetic property of several i-QCs, for example f-type (face centers type) Al--Pd--Mn [2, 3] , f-type Zn--Mg--(Tb or Ho) [4, 5] . The Al--Pd--Mn i-QCs exhibit spin glass behavior. For the case of the 3d Mn, only small fraction (typically less than 1%) of Mn atoms shows local magnetic moments in the Al--Pd--Mn i-QCs. It implies that the Al--Pd--Mn i-QCs are magnetically dilute alloys. Because the magnetic moments in 4f shell of rare-earth elements are localized in usual case, the i-QCs containing rare-earth elements, for example the f-type Zn--Mg--(Tb or Ho), are particularly interesting. Magnetic moments may arrange with a frustration under an antiferromagnetic interaction by quasiperiodic structure with icosahedral or dodecagonal atomic arrangements. Therefore a frozen spin glass seems to be one possible picture in i-QCs. The other possibility is magnetic long-range ordering (LRO) compatible with the quasiperiodicity. According to reports by Islam et al. [4] , and Sato et al. [5] , although broad magnetic peaks caused by a magnetic short range order (SRO) relevant to the spin glass behavior has been found, the magnetic LRO has not been confirmed by the neutron scattering experiments. 3d magnetic moments were investigated in p-type (primitive type) Zn--T--Sc (T ¼ Mn, Fe, Co or Ni) i-QCs [6, 7] . The p-type Zn--Fe--Sc i-QC is the singular case that it shows a large 3d magnetic moments equivalent to 3.7 m B per each Fe [6] . The Zn--Fe--Sc i-QC also exhibits the spin glass behavior with the freezing temperature T f 7.0 K and the magnetic diffuse scattering arising from SRO was observed at low temperature in the neutron powder diffraction patterns. However, magnetic peaks originated from the magnetic LRO didn't appear [7] .
Recently, we reported formation of p-type i-QCs Zn 77 Fe 7 Sc 16Àx L x (L ¼ Ho, Er or Tm), which include both 3d transition metal Fe and 4f lanthanoid [8] . The study was based on the idea that dense magnetic moments cause a strong magnetic interaction leading to a magnetic ordering. The Zn 77 Fe 7 Sc 16Àx L x i-QCs are classified with Tsaitype on the corresponding 1/1 approximant crystal bcc-Zn 17 Sc 3 whose structure consists of triple shells with icosahedral symmetry and glue atoms [9] . In this structure, Sc atoms locate at vertices of an icosahedral atomic shell with the radius of 9.83 A. It is thought that the Zn 77 Fe 7 Sc 16Àx L x i-QCs also possesses the same triple shells. Because both of Sc and Tm belong to the rareearth elements exhibiting a valence of three and an atomic radius of Sc, 1.641 A is closer to that of Tm, 1.746 A than that of Zn, 1.394 A [10] , it is likely that Tm atoms are substituted for Sc on the vertices of the icosahedral shell. In the previous study, some samples included a ferromagnetic-like impurity phase and showed considerable large magnetization (between 10 À2 and 10 À1 emu/g under 300 Oe) at room temperature. Magnetization curves for such unsuitable samples showed slight saturation tendency under 10 kOe at 256 K [8] . Then, we could not reach systematic understanding of the effects of the addition of Tm on magnetic ordering in the Zn 77 Fe 7 Sc 16Àx L x i-QCs.
In this paper, we will present magnetic property of the series of Zn 77 Fe 7 Sc 16Àx Tm x using improved preparation method.
Experimental procedure
In order to remove the magnetic impurity phase, we have applied combined methods of long-time annealing, checking by powder X-ray diffraction and screening by magnetic measurements. In the third method, the following two aspects were found to be very effective; one is magnitude of magnetization at room temperature, and the other is non-linearity in the relation between inverse magnetic susceptibility and temperature.
Starting from pure metals of 99.99% Zn, 99.99% Fe, 99.9% Sc, 99.9% Tm, ingots having nominal composition Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 0, 1, 2, 4, 6 and 8) were synthesized by using an electric furnace. Total weight of each sample ranged between 4 g and 5 g. The annealed ingots were quenched after melting at 1150 K for 6 hours and annealing at 973 K for 20, 30, 58 or 80 hours. Weight losses during melting and annealing process were less than 0.1% for all samples. The structural characterization was mainly carried out by powder X-ray diffraction using an X-ray diffractmeter (Rigaku, RINT2000-PC, CuK a radiation). The six-dimensional lattice parameter a 6D was estimated by an extrapolation method using Nelson-Riley function (1/sin q þ 1/q) cos 2 q. Samples for magnetic measurements were cut from several parts of master ingots by use of a low speed diamond saw at a size weighing 0.01-0.02 g. The dc magnetic measurements were performed by a super conducting quantum interference device (SQUID) magnetometer (Quantum-Design, MPMS-7). Magnetization at room temperature was checked for each sample to select samples without impurity phases. If samples contain ferromagnetic impurities, extraordinary large values of magnetization ranging from 10 À2 emu/g to 10 À1 emu/g under 300 Oe are measured in comparison with that of a single phase of i-QC 10 À3 emu/g under 300 Oe. From this preliminary checking of magnetization M at room temperature, we selected samples without extraordinary large M associated with ferromagnetic impurities. Fine samples were cut from ingots annealed for 58 h or 80 h at 973 K about the Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 1, 2, 4 and 6) and for 20 hours at 973 K about the Zn 77 Fe 7 Sc 16 .
Results and discussion
The i-QC phase formed in the alloys Zn 77 Fe 7 Sc 16Àx Tm x at x ¼ 0, 1, 2, 4, 6 and 8. All the peaks in the powder X-ray diffraction pattern were indexed as a p-type i-QC using Elser's six indices [11] , except for the very weak peak located at 2q ¼ 41.15 . Figure 1 presents a linear relationship between a 6D (nm) and x (at% Tm). This increase in the a 6D is consistent with the atomic size of Tm larger than that of Sc, and suggests the substitution of Sc by Tm. Figure 2 presents magnetization M as a function of applied magnetic field H, measured at 256 K of the alloys x ¼ 1, 2, 4 and 6. The results imply that these i-QCs are paramagnetic at 256 K, and magnetization rises gradually with an increase in Tm content x. The increase in Tm concentration, and then in magnetic moment concentration, certainly causes the increase in magnetic susceptibility. Figure 3 presents the inverse of magnetic susceptibility c À1 as a function of temperature T under 300 Oe. The solid curves indicate a least-squares fit to c ¼ C/ (T À Q) þ c 0 in a temperature region 72-300 K. The fitting results agree well with the experimental results, and then these i-QCs exhibit Curie-Weiss paramagnetism except the low temperature region. The fitting parameters are given in Table 1 . Because Q of samples with high Tm content x are negative and decreases with x, we may say that antiferromagnetic interactions are dominant between Tm. On the other hand, the Zn 77 Fe 7 Sc 16 shows positive Q, therefore ferromagnetic interaction exist between Fe atoms. Curie constant C becomes larger with higher Tm content, and we see that C are distinctly larger than C cal calculated under the assumption that only Tm possesses a magnetic moment 7.57 m B , which calculated as a free Tm 3þ . The results evidently indicate that 3d Fe magnetic moments with considerable large effective number of Bohr magneton exist in the Zn--Fe--Sc--Tm i-QCs as in Zn 77 Fe 7 Sc 16 i-QCs [6, 8] .
The zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility c under 50 Oe is shown in Fig. 4 . For all samples, spin glass-like hysteresis arises between ZFC and FC with freezing temperature T f locating about 7.0-9.5 K. The Zn 77 Fe 7 Sc 16 and Zn 77 Fe 7 Sc 15 Tm 1 show a typical spin glass behavior; the FC-c is constant in value under T f and the ZFC-c is increasing with T up to T f (Fig, 4(b) ). However, for the Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 2, 4 and 6), both of the FC-c and the ZFC-c increase with a decrease of T even in the temperature range under T f (Fig. 4(a) ). Magnetic moments of 4f Tm Table 1 . Parameters determined from the Curie-Weiss fit between 72 and 300 K, and C cal calculated under the assumption that only Tm possesses a magnetic moment 7.57m B as a free Tm 3þ .
Sample
C (Â10 À3 emu K/g) Q (K) c 0 (Â10 À7 emu/g) C cal (Â10 À3 emu K/g) seem to behave as if they followed the Curie-Weiss law even under T f ; the 4f Tm magnetic moments do not contribute the spin glass behavior. Moreover, dependence of values of c on the Tm content x are not simple. In this temperature region, the c of the Zn 77 Fe 7 Sc 14 Tm 2 is smaller than that of Zn 77 Fe 7 Sc 16 and Zn 77 Fe 7 Sc 15 Tm 1 in spite of a denser content of Tm atoms. It follows from what has been said that magnetic interaction between 4f Tm may be weak in the i-QCs. Although we have no definite information on arrangement of 3d Fe magnetic moments and their magnetic interaction, the substitution of Tm for Sc is not suitable for the construction of a network of magnetic coupling in the present i-QCs Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 1, 2, 4 and 6).
Conclusion
We confirmed that the both of 3d Fe and 4f Tm magnetic moments coexist in the Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 0, 1, 2, 4 and 6) i-QCs. Spin glass-like behavior was observed in all samples with T f about 7.0-9.5 K. Dependence of c on the Tm content x was not simple in the low temperature region, c increases with the decrease of T under T f for the i-QCs with higher Tm content (x ¼ 2, 4 and 6) and absolute values of c are not dependent on x for all samples. Tm 4f magnetic moments do not play a key part in the spin glass-like behavior. We can say that magnetic correlation between 4f Tm magnetic moments is weak in the Zn 77 Fe 7 Sc 16Àx Tm x (x ¼ 1, 2, 4 and 6) i-QCs. 
